We have selected from a mixture of random polynucleotides an RNA that is able to replicate in the presence of the DNA-dependent RNA polymerase of Escherichia coli, provided the medium contains Mn2 + and ITP, in addition to ATP, CTP, and UTP. The RNA consists of a chain of about 125 (425) nucleotides and appears to have a defined, nonrepetitive sequence.
In this paper, we describe the development of such a novel self-replicating system. We used a random copolymer as a source of a large number of different RNA strands. This mixture was incubated with the DNA-dependent RNA polymerase, Mn2+, ATP, ITP, UTP, and CTP until a selfreplicating RNA grew out. GTP was replaced by ITP in these experiments because it is already known that, in certain cases, polymers containing I will replicate even when corresponding polymers containing the natural nucleoside, G, will not (9) .
There are several alternating RNA polymers or pairs of homopolymers that automatically fulfill the requirements for a self-replicating system. The simplest are alternating poly(A-U), alternating poly(I-C), poly(A * U), and poly(I* C) (10, 11) . The duplication of these simple polymers is believed to occur by slippage (12) . If Double-distilled water was used throughout. Glassware was sterilized by heating to 2500. Reagent-grade chemicals were used, unless otherwise specified. Core RNA polymerase was purified from E. coli K 12 or E. coli B (Grain Processing Co., Muscatine, Iowa) by the method of Kamen (13) , up to the phosphocellulose step. The phase separation step was performed according to Babinet (14) . No rifampicin-resistant poly(G) activity (13) could be detected in our preparation. The enzyme was stored in 50% glycerol at -18°. Under these conditions, it lost half of its activity after about 3 months. When stored at 40, it lost half its activity in 1 day.
The polymerase assay mixture contained in 100 jAl: 50 mM Tris HCl buffer (pH 8.1), 1 5 ,ug of poly(I-C). 1 unit is defined as the amount of enzyme that catalyzes the incorporation of 1 nmol of CTP into acidinsoluble products in 1 hr at 37°.
Polynucleotide phosphorylase from E. coli was obtained from the supernatant of the first phase extraction in the polymerase preparation (14) , and was purified further by chromatography on DEAE-cellulose, precipitation with ammonium sulfate, and gel chromatography on Sephadex G-100.
The assay mixture for polynucleotide phosphorylase contained in 100 ,ul: 150 mM Tris HCl buffer (pH 9.0), 20 In transfer experiments 100-Ml samples of the incorporation mixture were mixed with 10 or 20 ul of primer solution and incubated at 370 with 5 units of enzyme for 2 hr or with 10 units of enzyme for 1 hr. Manganous pyrophosphate precipitated during the incubation; the extent of precipitation gave a very rough visual indication of the progress of the reaction.
Incorporation was measured by pipetting 25 41 of the incubated mixture into an excess of ice-cold 5% trichloroacetic acid containing 1 mg/ml of hydrolyzed RNA and 0.02 M sodium pyrophosphate. The precipitate was filtered through a nitrocellulose membrane filter and washed twice with about 2 ml of the same trichloroacetic acid solution. The filters were dried under a heat lamp, liquifluor-toluene was added, and the samples were counted in a Beckman liquid scintillation counter. Samples of the incubated mixture were stored at 40, after addition of excess EDTA to complex Mn2+ and Mg2+
Large-Scale Preparations of the Polymer. 50 ,ul of primer and 20 units of enzyme were added to 0.5 ml of the incorporation mixture. After 2 hr at 37°, another 5 ml of incorporation mixture and 100 units of enzyme were added, and the incubation was continued for another 4 hr. 40 ,umol of Na4-EDTA and a few drops of chloroform were then added to dissolve precipitated manganous pyrophosphate and to denature the polymerase. The aqueous phase was loaded on a 1.5 X 80 cm column of Sephadex G-25 and eluted with water. Excluded material was pooled and lyophilized. In some cases, the gel filtration step was repeated.
Alkaline Digest (15) . The lyophilized polymer was dissolved in 0.3 M KOH and heated in a steam bath for 30 min. The mixture was then diluted 10-fold and applied to a 0.7 X 5 cm column of QAE-Sephadex A-25, formate form, and washed with water. The column was then eluted sequentially with 20 ml each of: 5 mM formic acid, 15 mM formic acid, 10 mM formic acid-50 mM sodium formate, and finally with 0.1 M formic acid-0.5 M sodium formate. These formate solutions eluted Cp, Ap, Up, and Ip, respectively. 2-ml Fractions were collected and the spectra of the fractions were measured with a Unicam spectrophotometer. The absorbance was measured at Amax with a Zeiss UV photometer.
Fingerprints of Pancreatic Digests were obtained and nearest-neighbor analyses were performed according to the methods described by Sanger, Brownlee, & Barrett (16) . Electrophoresis strips from the nearest-neighbor analyses were counted with the Radiochromatogram Scanner RSC-363
Melting Point atid Sedimentation Constants were determined by standard procedures (17, 7) .
RESULTS
Synthesis in the Absence of Primer. DNA-dependent RNApolymerase is reported to catalyze de novo synthesis of polynucleotides in the absence of a template, after a sufficiently long lag period. The products are poly(A-U) (10) or poly (I-C) (11) . Since this reaction, or the transcription of residual DNA in the enzyme preparation, could lead to the accumulation of unwanted RNA products, we studied the incorporation of nucleotides into RNA in the absence of template. If DNA was omitted from the assay mixture, no incorporation of GTP was observed under the usual assay conditions (18) , even after 1 week of incubation. Apparently our RNA polymerase preparation is free from contaminating DNA. In the presence of Mn2+ and ITP, de novo synthesis took place after a lag period. Pancreatic RNase digestion of the RNA formed confirmed that the products are alternating poly(I-C) and poly(A * U).
Transfer RNA does not function as a template under our incorporation conditions. However, it does increase remarkedly the lag time before the initiation of de novo synthesis.
1 jug/ml of tRNA was sufficient to increase the lag time for poly(I-C) formation from 30 min to 90 min; 10 gg/ml of tRNA prevented any de novo synthesis for at least 8 hr. The rate of primed poly(I-C) or poly(A-U) synthesis was not much affected by addition of tRNA, up to 10 ,g/ml. Higher tRNA concentrations did decrease the rate of incorporation in primed RNA synthesis. It follows that low concentrations of tRNA can be used to depress de novo synthesis, while not affecting primed synthesis.
Selection of the Self-Duplicating RNA. In contrast to poly(A), poly(U), or poly(C), which are excellent primers for RNA polymerase (5, 6), random copolymers such as poly(AC) or poly(A,U,I,C) are very poor templates. Like tRNA they inhibit de novo synthesis. A random copolymer of A, U, I, and C (1:1:1:1) was used as a substrate from which to select for a self-duplicating RNA. Serial transfers were performed under standard conditions, but with the addition of 25 ,g/ml of poly(A,U,I,C). After only three transfers, incorporation of triphosphates began. After 7-10 transfers, the amount of incorporation under our standard conditions reached a maximum, and did not change thereafter. The product was able to serve as an effective template and to grow in repeated serial transfers without further addition of copolymer. All four triphosphates were incorporated. After as many as 100 transfers, the ratio of incorporated UTP to CTP remained the same as after 10 transfers. Material from transfer 107 was used in our analysis of the product.
Requirements for Replication. We investigated the requirements for a continuous growth of the self-duplicating RNA. Measurement Proc. Nat. Acad. Sci. USA 70 (1973) from the reaction mixture is shown in Table 1 . ATP and UTP are necessary to support growth of any sort. In the absence of ITP or CTP, a polymer is formed containing only A and U, presumably poly(A-U). Since the formation of this material could not be suppressed by the addition of 50 Mg/ml of tRNA, it cannot be due to de novo synthesis. We suspect that a sequence of U residues on the RNA acts as a site for slippage synthesis of a longer sequence of A residues (4). This poly(A) then initiates the slippage synthesis of poly(A * U).
Template Activity of the Self-Replicating Unit. A random polymer of about the same composition and molecular weight as the self-replicating RNA was prepared with polynucleotide (A -U) , under similar conditions, had a melting point of 56.8°, and poly(I-C) melted at 49.5° (17) .
The Composition of the polymer was determined by exhaustive alkaline digestion, followed by column chromatography. The results are shown in Table 2 . The values obtained by alkaline degradation are consistent with the ratios of the amounts of nucleotides that were incorporated in double-label experiments: UTP: CTP = 3: 1, UTP: ATP = 4:3. Since the pyrimidine content is not equal to the purine content, one of the complementary strands of the selfreplicating unit must be present in excess.
Nearest-Neighbor Analysis gave the following result when the polymer was labeled with [a-32P ]CTP: CpC 1%, ApC 13%, UpC 77%, and IpC 9%. The sequences IpC and CpC, which would be present if poly(I-C) or poly(I * C) were forming by slippage, are rare, showing that we are dealing with a self-replicating RNA that does not have a simple repetitive structure.
Digestion with Pancreatic Ribonuclease. A fingerprint of a pancreatic ribonuclease digest (16) of self-replicating RNA is shown in Fig. 2 . A pancreatic ribonuclease digest of a random polymer would give a pattern with a very large number of spots, while a digest of a repetitive polymer would give a single spot. The simple pattern-with a few welldefined spots-that is obtained in the experiment shows that the self-replicating RNA has a unique sequence or is a mixture of molecules with closely related sequences. Since we hope to perform a complete determination of the sequence of this RNA, we shall not give further details of this aspect of our work here.
DISCUSSION
Selection of a self-replicating RNA from a random copolymer has led to an RNA with defined molecular weight and defined sequence. Since it is derived from a random synthetic polymer, no restrictions are imposed on the sequence other than the requirement that the RNA must replicate with DNAdependent RNA polymerase. Since the natural role of this (18, 4) . Rapid growth and weak product inhibition by the self-replicating RNA (up to 50% of UTP can be incorporated under our standard conditions) facilitate the preparation of large amounts of self-replicating polymer. We believe, therefore, that this system will be useful in the study of natural selection under in vitro conditions.
Attempts to obtain a self-replicating RNA composed of the four natural nucleotides, A, U, G, and C, either by selection from poly(A,U,G,C) or by gradual replacement of the I residues in our self-replicating RNA by G, have failed, perhaps because the melting point of double-stranded replication intermediates containing GC-pairs would be too high to allow strand separation. We have not succeeded in isolating doublestranded RNA from our standard reaction mixtures by means of a Franklin column (20) or by sucrose gradient centrifugation. We plan to use pulse labeling and gel electrophoresis (21) for this purpose. Self-replicating RNA has a sharply defined molecular weight, much lower than that of the initial template that we synthesized using polynucleotide phosphorylase. In Fig. 3 , we illustrate the way in which a self-replicating RNA of low molecular weight is likely to be selected from material of higher molecular weight in the course of repeated rounds of replication. The shorter species is unable to initiate the production of + strands; two initiation sites on the larger one enable two self-replicating species to grow. (d) The longer of the self-replicating species always produces long and short selfreplicating units, while the shorter one can only reproduce itself. After several rounds of replication, the longer RNA, under many circumstances, would be diluted out by the shorter unit.
It is commonly believed that viruses evolved from host nucleic acids by use of the host replication apparatus. While this theory is plausible for DNA viruses, it does not explain the evolution of RNA viruses, since bacterial cells do not seem to contain RNA replicases. Our experiments show that a minor modification, replacement of Mg2+ by Mn2+, can convert a DNA-dependent RNA polymerase into an RNA replicase. A mutation or an additional protein-subunit could almost certainly effect the same change in enzyme activity. This ready convertability of DNA to RNA polymerases suggests to us that the replicases of RNA viruses could have been derived originally from host DNA-dependent RNA polymerases.
The arguments given above lead us to ask whether the catalytic sites of viral RNA polymerases are parts of DNAdependent polymerases of the host cells. The polymerases of two serologically unrelated phages, Q,3 and f2, have been shown to contain, in addition to a virus-specific component, the same three subunits contributed by the host, E. coli (22) (23) (24) . Since the protein subunits provided by the host are not components of the known DNA-dependent RNA polymerase, it is possible that they belong to a second DNAdependent RNA polymerase.
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